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The C. elegans homolog of the p53 tumor suppressor is required
for DNA damage-induced apoptosis
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In mammals, one of the key regulators necessary for grammed cell death also occurs in the C. elegans germline.
Three different, genetically separable pathways leadingresponding to genotoxic stress is the p53
transcription factor. p53 is the single most commonly to germ cell apoptosis have so far been described. Physio-
logical germ cell death is independent of external stimulimutated tumor suppressor gene in human cancers
[1]. Here we report the identification of a C. elegans and is needed formaintaining germline tissue homeostasis
[3]. Furthermore, some bacterial pathogens trigger thehomolog of mammalian p53. Using RNAi and DNA
cosuppression technology, we show that C. elegans activation of germ cell death [4]. Finally, genotoxic stress
was shown to result in the induction of germ cell apoptosisp53 (cep-1) is required for DNA damage-induced
apoptosis in the C. elegans germline. However, and mitotic germ cell cycle arrest [5].
cep-1 RNAi does not affect programmed cell death
occurring during worm development and A specific effector of radiation-induced apoptosis has not
physiological (radiation-independent) germ cell been identified in C. elegans. The fact that the completion
death. The DNA binding domain of CEP-1 is related of the C. elegans genomic sequence failed to reveal any
to vertebrate p53 members and possesses the obvious worm p53 homolog led to the initial notion that
conserved residues most frequently mutated in p53 might be confined to the vertebrate lineage [6]. How-
human tumors. Consistent with this, CEP-1 acts as ever, this notion was recently challenged by the discovery
a transcription factor and is able to activate a of a functional Drosophila p53 homolog [7, 8]. Assuming
transcriptional reporter containing consensus that the C. elegans p53 open reading frame (ORF) might
human p53 binding sites. Our data support the have eluded previous BLAST searches due to an error in
notion that p53-mediated transcriptional regulation C. elegans p53 gene prediction or as a result of the gene
is part of an ancestral pathway mediating DNA being highly divergent from its vertebrate and Drosophila
damage-induced apoptosis and reveals C. elegans counterparts, we carefully searched for a worm p53 homo-
as a genetically tractable model organism for log. Sensitive database searches, such as those using gen-
studying the p53 apoptotic pathway. eralized profiles [9], allow the reliable detection of more
subtle sequence relationships [10]. In order to search the
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SL-1 or SL-2 sequence [11]. To identify the full-length
cep-1 ORF, we designed oligonucleotides corresponding
to either SL-1 or SL-2 sequences and internal F52B5.5
primers for PCR amplification from worm cDNA. UsingResults and discussion
SL-1 primers, we obtained a 1.9 kb cDNA that corre-Identification of a C. elegans p53 homolog
sponds to the predicted genes F52B5.4 and F52B5.5 andStudies focusing on programmed cell death during embry-
gives rise to a putative 645 amino acid (aa) protein (Figureonic and larval development in C. elegans have been instru-
1a; we did not obtain any cDNA with SL-2 primers).mental in elucidating the conserved core apoptotic path-
way that involves the egl-1 (BH-3 domain protein), ced-9
(BCL-2 homolog), ced-4 (Apaf-1 homolog), and ced-3 (cas- We used this putative 645 aa protein termed CEP-1 and
aligned it with known members of the p53 family (Figurepase) genes [2]. More recently, it was realized that pro-
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1b). The detectable evolutionary conservation ofC. elegans we inactivated cep-1 and analyzed the effect on pro-
p53 is mostly limited to the regions involved in DNA grammed cell death. As shown previously, DNA damage
binding (conserved regions II–V in Figure 1b). Compari- activates a conserved DNA damage response pathway
son of CEP-1 with human p53 indicates that residues that induces both cell cycle arrest of mitotic germ cells
critical for DNA binding, as revealed in the three-dimen- and apoptosis of meiotic pachytene cells in the C. elegans
sional structure of p53 bound to DNA, are conserved in germline [5]. To assess whether cep-1 functions in the
C. elegans [12]. Five out of eight amino acids implicated DNA damage response, we inactivated cep-1 by “RNAi
in DNA binding are also conserved, and an additional one feeding.” RNA interference (RNAi) leads to specific inhi-
is similar (indicated by “D” in Figure 1b). Moreover, out bition of targeted genes and has been used to inactivate
of the six amino acid residues that are most frequently genes on a genome-wide scale [18–20]. For inhibitingmutated in cancer, two are conserved and two are substi-
genes involved in post-embryonic processes, the RNAituted by similar amino acids (indicated by an asterisk in
feeding technique is most effective [18]. Worms are fedFigure 1b [13]). The two conserved amino acids R248
for several generations on bacteria that express double-and R273 are by far the most frequently mutated residues
stranded RNA corresponding to a gene of choice, andand account for more than 20% of tumor-associated p53
defects can be analyzed in the F1, F2, and F3 generationsmutations. [13]. Finally, all four residues implicated in
[18, 20]. We validated this approach by inactivating theZn binding are conserved (indicated by “Z” in Figure
cell death genes ced-3 and ced-4 by RNAi. In both cases,1b) [12]. Although they were weakly conserved, we found
germ cell death was completely abrogated (Figure 3b, datatwo potential phosphorylation sites (SQ) corresponding
to serine 15 and serine 37 of human p53. These sites are not shown). RNAi feeding with cep-1 lead to a complete
implicated in DNA damage-dependent activation of p53 inactivation of radiation-induced germ cell death in worms
at the N terminus [14, 15] The one related to serine 15 that were treated with increasing dosages of irradiation
(CEP-1 S20) lies in a conserved region (PDSQ[D/E]) (not (Figure 3a,b). To determine whether this effect was spe-
shown). At theC terminus of CEP-1, we also found a small cific to radiation-induced germ cell death, we also scored
but distinct amino acid conservation at the tetramerization for the level of germ cell apoptosis in unirradiated cep-1
domain (indicated by “tet” in Figure 1b) [16]. However, RNAi-treated animals (Figure 3b). Physiological germ cell
there appears to be no obvious acidic domain characteristic death is genetically distinct from radiation-induced cell
for the human transactivation domain. death and manifests itself by the presence of 0–4 corpses
per germline bend at any given time in unirradiatedworms
CEP-1 is a transcription factor [3]. Because we did not observe a significant reduction
Given that the transcriptional activity of p53 is essential of physiological germ cell death (0.4  0.5, n  14 and
for its function in vertebrates, we wished to determine 0.9  1.0, n  16 corpses 36 hr post L4 larval stage
whether CEP-1 could act as a transcription factor. To test in cep-1 and gfp RNAi, respectively), we conclude that
if CEP-1 can intrinsically activate transcription, we cloned radiation-induced apoptosis is specifically affected in the
the full-length CEP-1 ORF in frame with the Gal4 DNA germline.
binding domain. This fusion protein was scored for its
ability to activate a LacZ transcriptional reporter construct The second response to the presence of DNA damage in
behind a yeast promoter containing Gal4 DNA binding the C. elegans germline is a transient cell cycle arrest.
sites. CEP-1 was found to possess an intrinsic transcrip- Mitotic cells in the distal arm of the C. elegans germlinetional activity that maps to the N terminus and that is
transiently halt cell proliferation after irradiation but con-equivalent to that observed for the transcription factors
tinue to grow, as indicated by a decrease in cell numberBAR-1 and human p53, suggesting that CEP-1 can act as
and an enlargement of cellular and nuclear size [5]. Thea transcription factor (Figure 2a). To determine whether
checkpoint mutants mrt-2(e2663) and rad-5(mn159) areCEP-1 could activate transcription from a promoter con-
defective in this response [5]. Surprisingly, RNAi feedingtaining consensus human p53 DNA binding sites, we ex-
of cep-1 did not affect cell cycle arrest after irradiation, aspressed CEP-1 in yeast containing pSS1, a p53 transcrip-
demonstrated by the fact that mitotic germ cells fromtional reporter construct (Figure 3b; [17]). CEP-1, like its
cep-1 RNAi worms responded to irradiation comparablyhuman counterpart, was found to activate transcription of
to the wild-type (gfp control RNAi; Figure S1a in thethe pSS1 reporter. Transcription of this reporter allowed
Supplementary material available with this article online).growth on media lacking histidine (Figure 3c). These
It is therefore conceivable that Cep-1 is dispensable forobservations indicate that the DNA binding specificity
DNA damage-induced cell cycle arrest. However, sinceof CEP-1 and human p53 are conserved and suggest that
no cytological markers for various cell cycle phases areendogenous C. elegans promoters containing p53 binding
currently available, we cannot exclude the possibility thatelements may respond to CEP-1 in vivo.
Cep-1 might only be required for a G1/S checkpoint. In
the type of experiment performed here, cells defectivecep-1 is specifically required for DNA damage-induced
for cep-1 might still arrest the cell cycle at a G2/M check-programmed cell death
point and appear to respond to DNA damage in a wild-To determine whether the sequence conservation of C.
elegans p53 and human p53 reflects a conserved function, type manner.
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Figure 2 which genetically partially overlaps with the RNAi phe-
nomenon, is presumably due to the formation of double-
stranded RNAi due to transcription from copies of the
transgene oriented in opposite directions [21, 22]. We
therefore generated transgenic worm lines that contained
the pRF-4 roller marker as well as a high concentration
of cep-1 (promoter and first three exons). Upon the irradia-
tion of cep-1 cosuppression lines, we confirmed the results
of our previous RNAi experiments; radiation-induced cell
cycle arrest was maintained, whereas radiation-induced
pachytene cell apoptosis was completely abrogated (Fig-
ure 3c; data not shown).
We next wished to determine whether RNAi of cep-1
would affect somatic cell death. In order to score for de-
fects in somatic cell death, we scored the number of
corpses in the anterior part of young L1 larvae of a ced-
1(e1935) corpse engulfment-defective strain (Figure S1b
in the Supplementary material). During embryonic and
larval development, 131 cells die by programmed cell
death and are consequently engulfed by neighboring cells.
In a ced-1(e1935) mutant, corpse engulfment is partially
blocked, and therefore some corpses persist in the L1
larvae [23, 24]. cep-1 RNAi resulted in the same number
of persistent corpses in ced-1(e1935) larvae, whereas RNAi
of ced-3 lead to an 80% reduction of somatic programmed
cell death in this assay (Figure S1b in the Supplementary
material). We thus conclude that, consistent with p53
function in stress-induced apoptosis in mammals, cep-1
may specifically affect radiation-induced germ cell death.
CEP-1 is a transcription factor. (a) CEP-1 acts as a transcriptional
activator. We introduced various Gal4 DNA binding domain fusions We cannot exclude the possibility that a genetic cep-1
into yeast and measured transcriptional activation by determining
knockout would reveal additional phenotypes unrelated-Gal activity. (b) pSS1 p53 reporter construct. (c) Human and C.
to DNA damage-induced apoptosis. However, severalelegans p53 recognize the same consensus p53 binding site.
p415ADH, p415ADH-BAR-1, p415ADH-human p53, and p415ADH- lines of evidence argue that, in our RNAi experiments,
CEP-1 were introduced into yeast strains containing the pSS1 cep-1 function was completely abrogated. We could con-
reporter (human p53 binding sites). Transcriptional activation of the
firm the results by using DNA cosuppression. Secondly,reporter was determined by the ability of yeast strains to grow in the
the inhibition of radiation-induced programmed cell deathabsence of histidine. A derivative of the pSS1 reporter construct
lacking the p53 binding site did not support growth in the absence was complete and matched the reduction observed in the
of histidine (S.B., unpublished observation). mrt-2(e2663) loss-of-function mutant [5].
In conclusion, we have identified a functional C. elegans
homolog of p53 that is required for radiation-induced apo-To confirm that the inactivation of cep-1 leads to an inhibi-
tion of radiation-induced cell death, we used a second, ptosis. While CEP-1 is most closely related to Drosophila
p53, the sequence similarity is subtle (20% identity)independent method to inactivate cep-1 in the germline.
DNA cosuppression is based on the observation that high and is not revealed by conventional sequence comparison
methods such as BLAST [25]. Functional conservation atcopy number expression of a gene leads to specific inacti-
vation of this gene in the germline [21, 22]. This effect, such a low level of sequence similarity underscores the
(a) Predicted amino acid sequence of cep-1. (b) A profile-guided forbes (northern European squid); mesau, Mesocricetus auratus
alignment of CEP-1 with other established members of the p53 (golden hampster); and myaar, Mya arenaria (mussle). (c) Neighbor-
family. Residues that interact with DNA in human p53 are marked with joining dendrogram of the p53 family. Overall, the dendrogram reflects
“D,” those involved in Zn binding are marked with “Z,” and those the evolutionary relationships of the organisms involved. Obvious
most frequently mutated in cancers are marked with an asterisk. The exceptions are p63 and p73, which have arisen from gene duplication
evolutionarily conserved regions II–IV and the tetramerization domain events. CEP-1 robustly clusters with the Drosophila sequence (1000
(tet) are indicated [16]. Abbreviations used are as follows: lolfo, Loligo out of 1000 bootstrap trials).
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Figure 3
cep-1 is specifically required for DNA damage-induced apoptosis. (a) cell corpses were counted at different time points after irradiation. (c)
A Nomarski picture showing the pachytene section of the germline cep-1RNAi phenotype is mimicked by cosuppression. 50 ng/l
was taken 36 hr after 60 Gray irradiation. Corpses are indicated by cep-1 was coinjected with 50 ng/l pRF-4 rol-6 marker. Germ cell
arrows. Unrelated gfp sequence was used as control RNAi. (b) Germ apoptosis was scored 36 hr post irradiation.
potential of the generalized-profile method for the detec- pression in the germline. In adult C. elegans hermaphro-
dites, the germline is the only proliferative tissue, andtion of homologs in distantly related model organisms
[9]. Our experimental findings support the notion of an approximately two thirds of embryonic cell division occurs
within the very first hours after fertilization, apparentlyancient function for p53 in DNA damage-induced apo-
ptosis [7, 8]. As is the case in Drosophila, cep-1 function without any DNA damage checkpoints. To guard its prog-
eny from acquiring deleterious mutations, it would seemimpinges on radiation-induced programmed cell death
but not on radiation-induced cell cycle arrest. It is likely advantageous to install sensitive DNA damage check-
points in the germline. In C. elegans this is achieved bythat this ancient p53-dependent pro-apoptotic function
depends on the transcriptional activation of target genes making only meiotic pachytene cells competent to die
by DNA damage-induced apoptosis. Given that meioticthat act on the core apoptotic pathway. It will be interest-
ing to determine those targets inC. elegans. It is noteworthy recombination is being completed in the pachytene stage,
this checkpoint also guards from mistakes that may arisethat p53 is highly expressed in the germlines of flies,
clams, and mammals [8, 26]. Here we report that cep-1 when SPO-11-induced double-strand breaks required to
initiate the meiotic recombination process are left unpro-function is required for DNA damage-induced germ cell
death in the C. elegans germline. It is thus worth speculat- cessed. In light of this, it is interesting that the absence
of mouse p53 leads to a reduced amount of germ celling about the selective advantage conferred by p53 ex-
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